Mahavadi S, Nalli AD, Kumar DP, Hu W, Kuemmerle JF, Grider JR, Murthy KS. Cytokine-induced iNOS and ERK1/2 inhibit adenylyl cyclase type 5/6 activity and stimulate phosphodiesterase 4D5 activity in intestinal longitudinal smooth muscle. Am J Physiol Cell Physiol 307: C402-C411, 2014. First published June 18, 2014; doi:10.1152/ajpcell.00123.2014.-This study identified a distinctive pattern of expression and activity of adenylyl cyclase (AC) and phosphodiesterase (PDE) isoforms in mouse colonic longitudinal smooth muscle cells and determined the changes in their expression and/or activity in response to proinflammatory cytokines (IL-1␤ and TNF-␣) in vitro and 2,4,6 trinitrobenzene sulphonic acid (TNBS)-induced colonic inflammation in vivo. AC5/6 and PDE4D5, expressed in circular muscle cells, were also expressed in longitudinal smooth muscle. cAMP formation was tightly regulated via feedback phosphorylation of AC5/6 and PDE4D5 by PKA. Inhibition of PKA activity by myristoylated PKI blocked phosphorylation of AC5/6 and PDE4D5 and enhanced cAMP formation. TNBS treatment in vivo and IL-1␤ and TNF-␣ in vitro induced inducible nitric oxide synthase (iNOS) expression, stimulated ERK1/2 activity, caused iNOS-mediated S-nitrosylation and inhibition of AC5/6, and induced phosphorylation of PDE4D5 and stimulated its activity. The resultant decrease in AC5/6 activity and increase in PDE4D5 activity decreased cAMP formation and smooth muscle relaxation. S-nitrosylation and inhibition of AC5/6 activity were reversed by the iNOS inhibitor 1400W, whereas phosphorylation and activation of PDE4D5 were reversed by the phosphatidylinositol 3-kinase inhibitor LY294002 and the ERK1/2 inhibitor PD98059. The effects of IL-1␤ or TNF-␣ on forskolin-stimulated cAMP formation and smooth muscle relaxation reflected inhibition of AC5/6 activity and activation of PDE4D5 and were partly reversed by 1400W or PD98059 and completely reversed by a combination of the two inhibitors. The changes in the cAMP/ PKA signaling and smooth muscle relaxation contribute to colonic dysmotility during inflammation.
RELAXANT NEUROTRANSMITTERS released by the enteric nervous system initiate signaling cascades that lead to generation of cGMP (nitric oxide and carbon monoxide), cAMP (peptide histidine isoleucine), or both cAMP and cGMP (vasoactive intestinal peptide, pituitary adenylate cyclase-activating peptide) (31) . The levels of cAMP and cGMP are tightly regulated within narrow limits by the balance of cyclase and phosphodiesterase (PDE) activity, which, in turn, are regulated via feedback phosphorylation of cyclases and PDEs by cAMPand/or cGMP-dependent protein kinases (5, 6, 8, 16, 18, 22, 26, 27, 46) .
PDEs catalyze the cyclic phosphate bond in cAMP and cGMP to yield the inactive products 5=-AMP and 5=-GMP. Eleven PDE families, derived from 20 genes and classified on the basis of their regulatory and catalytic properties, have been identified. Various isoforms of PDE3 and PDE4 account for the greater part of cAMP-hydrolyzing activity in various tissues (5, 8, 16, 46) . PDE3A and PDE3B are products of different genes; they exhibit greater affinity for cAMP but are differentially regulated (9, 46) . The large PDE4 family is the product of four genes (PDE4A, -B, -C, and -D) that encode ϳ25 isozymes classified into long and short forms on the basis of the presence of one or both conserved regulatory domains known as "upstream conserved regions" 1 and 2 (UCR1 and UCR2) (16 -18, 26 -30, 42) . Long isoforms possess a sequence on UCR1 for stimulatory serine phosphorylation by PKA and a sequence located within the COOH terminus of the catalytic unit for inhibitory serine phosphorylation by extracellular signal-regulated kinases1/2 (ERK1/2) (13) (14) (15) (27) (28) (29) (30) . Some studies have reported stimulatory phosphorylation of PDE4D3 and PDE4D5 via a protein kinase C-ERK1/2 pathway (2, 3). PDEs are usually localized to subcellular compartments by binding or recruitment to various lipid rafts or anchoring proteins, mainly A-kinase-anchoring protein (AKAP) and ␤-arrestin (16) . Selective recruitment and absence of functional redundancy among PDE4 isoenzymes suggest that even splice variants of PDE4 may have specific functions. PDE4D3 and PDE4D5 appear to be the main cAMP-specific long isoform of PDE4 expressed in vascular and visceral smooth muscle (2, 27, 37, 38) .
Ten mammalian genes encode nine membrane-bound and one soluble adenylyl cyclase (AC) (6, 47, 48) . The 10 isoforms are divided into 5 distinct groups based on amino acid sequence and functional similarities. AC5 and AC6, expressed mainly in excitable cells, are activated by G␣ s and inhibited by G␣ i , capacitative Ca 2ϩ entry, and PKA-dependent phosphorylation (6, 34) . AC2, AC4, and AC7 are activated by G␣ s and synergistically by G␤␥ subunits derived from G i and inhibited by PKA-dependent phosphorylation (6, 47, 48) . AC1, AC3, and AC8 are activated by G␣ s and by Ca 2ϩ -calmodulin upon Ca 2ϩ entry via voltage-gated or capacitative Ca 2ϩ channels and inhibited by G␣ o (present abundantly in brain tissue), G␤␥ subunits derived from G i , and PKA-dependent phosphorylation (6) . Membrane-bound AC9 and soluble AC are insensitive to forskolin; soluble AC is highly expressed in sperm cells and insensitive also to G proteins (11, 49) .
Earlier studies have shown that AC type V/VI (AC5/6) and both PDE3A and PDE4D5 are the main determinants of cAMP levels in the circular smooth muscle layer of the intestine (34, 37, 38) . AC5/6 activity was inhibited by G i -coupled agonists and by Ca 2ϩ influx, independently of whether influx occurred via ligand-gated or capacitative Ca 2ϩ channels. PDE4D5 activity was regulated via stimulatory phosphorylation by PKA and indirectly via PKC (37, 38) . The latter involved PKCmediated inhibition of protein phosphatase 2A (PP2A) and underlies a cross-regulatory mechanism whereby contractile agonists that activate PKC attenuate cAMP levels by enhancing PDE4D5 activity (38) .
Expression and activity of AC and PDE isoforms in intestinal longitudinal smooth muscle have not been explored. In the present study, we identified expression of AC and PDE isoforms in normal intestinal longitudinal smooth muscle and in smooth muscle treated with proinflammatory cytokines (IL-1␤ and TNF-␣) in vitro and exposed to inflammation in vivo. AC5/6 and PDE4D5 were expressed in normal longitudinal smooth muscle. PDE4D5 underwent stimulatory phosphorylation by phosphatidylinositol 3-kinase (PI3-kinase)/ERK1/2 pathway in response to cytokines and during inflammation. Concurrently, AC5/6 activity was decreased as a result of S-nitrosylation via NOS-III [inducible nitric oxide synthase (iNOS)]. The combined effects of ERK1/2-mediated phosphorylation of PDE4D5 and iNOS-mediated S-nitrosylation of AC5/6 decreased cAMP formation and longitudinal smooth muscle relaxation during inflammation.
MATERIALS AND METHODS

Materials. [
125 I]cAMP and [␣-32 P]ATP, and [ 3 H]cAMP were obtained from PerkinElmer Life Sciences (Boston, MA); collagenase and soybean trypsin inhibitor from Worthington Biochemical (Freehold, NJ); Western blot, chromatography material, and protein assay kit from Bio-Rad Laboratories (Hercules, CA); and antibody to AC5/6 from Santa Cruz Biotechnology (Santa Cruz, CA), this antibody does not distinguish between AC5 and AC6. Antibody to PDE3A and PDE4D5 and phospho-antibody to PDE4D5 (Ser 126 ) were obtained from FabGennix (Frisco, TX); S-nitrosylation detection kit from Cayman (Ann Arbor, MI); and cAMP, Crotalus atrox snake venom, and all other chemicals from Sigma Chemical (St. Louis, MO).
All animal treatments were performed according to a protocol approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University.
Induction of colonic inflammation and preparation of dispersed colonic smooth muscle cells. Colonic inflammation in mice was induced with 2,4,6 trinitrobenzene sulphonic acid (TNBS) as described previously (1, 12, 39, 41) . Adult C57BL/6J male mice (6 -8 wk old) were anesthetized, and 100 l of TNBS [2.5% in 50% ethanol Fig. 1 . Expression of adenylyl cyclase (AC) and phosphodiesterases (PDE) in colonic circular and longitudinal smooth muscle cells (SMCs) and PKA-dependent phosphorylation of adenylyl cyclase 5/6 (AC5/6) and feedback inhibition of AC5/6 activity in longitudinal smooth muscle cells. A: expression of AC5/6 and PDE4D5 and PDE3A were analyzed in freshly prepared dispersed circular (C) and longitudinal (L) SMCs of colon. Muscle cell lysates containing equal amounts of total proteins were separated with SDS-PAGE, and expression of AC5/6 and PDE3A and PDE4D5 was analyzed using selective antibody. Membranes were reblotted to measure ␤-actin. Protein bands were visualized with enhanced chemiluminescence. B: longitudinal muscle cells labeled with 32 P were incubated with forskolin (Fsk; 10 M) in the presence or absence of myristoylated PKI (1 M) or Rp-cGMPS (RpG; 1 M). Immunoprecipitates using antibody to AC5/6 were separated on SDS-PAGE. (vol/vol)] were instilled intrarectally via a catheter advanced to 3 cm proximal to the anus via 1-ml syringe fitted with a catheter, and mice were euthanized 3 days after the induction of inflammation. Agematched control mice were treated with vehicle. Colonic tissue from mice treated with TNBS exhibited typical histological characteristics of colitis. Distal colonic segments of 2-to 3-cm long were obtained, and muscle cells from longitudinal muscle layer were obtained as described previously (1, 12, 39, 41) . Briefly, strips of longitudinal muscle from mice colon were dissected and incubated at 31°C for 30 min in HEPES medium containing 120 mM NaCl, 4 mM KCl, 2.6 mM KH 2PO4, 0.6 mM MgCl2, 25 mM HEPES, 14 mM glucose, 2.1% Eagle's essential amino acid mixture, 0.1% collagenase, and 0.1% soybean trypsin inhibitor. After the partly digested strips were washed twice with 50 ml of enzyme-free medium, the muscle cells were allowed to disperse spontaneously for 30 min. The smooth muscle cells (SMCs) were harvested by filtration through 500-m Nitex (Tetko, Briarcliff Manor, NY) and centrifuged twice at 350 g for 10 min. For some experiments, muscle cells were cultured in DMEM containing 10% fetal bovine serum until they attained confluence and were then passaged once for use.
Assay for AC activity. AC activity was measured by using [␣-
32
P]ATP as substrate as described previously (34, 37) . Homogenates of SMCs were incubated for 15 min at 37°C in 50 mM Tris·HCl (pH 7.4), 2 mM cAMP, 0.1 mM ATP, 1 mM isobutylmethyl xanthine (IBMX), 5 mM MgCl2, 100 mM NaCl, 5 mM creatine phosphate, 50 U/ml of creatine phosphokinase, and 0.5 mM [␣-
32 P]ATP (0.2 Ci). The reaction was terminated by addition of 2% sodium dodecyl sulfate, 45 mM ATP, and 1.5 mM cAMP. Assay for PDE4 activity. PDE4 activity was measured in immunoprecipitates of PDE4D5 as described previously (37, 38) . One-millimeter aliquots (3 ϫ 10 6 cells/ml) were incubated with forskolin for 5 min. Immunoprecipitates were washed in a medium containing 50 mM Tris (pH 7.5), 200 mM NaCl, and 5 mM EDTA and then incubated for 15 min at 30°C in a medium containing 100 mM MES (pH 7.5), 10 mM EDTA, 0.1 M Mg acetate, 0.9 mg/ml BSA, 20 M cAMP, and [
3 H]cAMP. The samples were boiled for 3 min, chilled for 3 min, and then incubated at 30°C for 10 min in 20 mM Tris (pH 7.5) medium containing 10 l of Crotalus atrox snake venom (10 g/l). The samples were added to DEAE-Sephacel A-25 columns, and the radioactivity in the effluent was counted. The results were expressed as counts per minute per milligrams of protein.
Phosphorylation of PDE4D5 by PKA. Phosphorylation of PDE4D5 was measured by immunoblot analysis using phospho-specific antibody (Ser 126 ) as described previously (38) . One-milliliter aliquots (3 ϫ 10 6 cells/ml) were incubated with forskolin for 5 min, and the reaction was terminated with an equal volume of lysis buffer and placed on ice for 30 min. The cell lysates were separated from the insoluble material by centrifugation at 13,000 g for 15 min at 4°C, precleared with 40 l of protein A-Sepharose, and incubated with polyclonal PDE4D5 for 2 h at 4°C and with 40 l of protein A-Sepharose for another 1 h. The immunoprecipitates were washed five times with 1 ml of wash buffer (0.5% Triton X-100, 150 mM NaCl, and 10 mM Tris-HCl pH 7.4), extracted with Laemmli sample buffer, boiled for 15 min, and then separated on 10% SDS-PAGE followed by transfer to polyvinylidine difluoride membranes. The membranes were incubated for 12 h with phospho-specific antibodies to PDE4D5 (Ser 126 ) and then for 1 h with a horseradish peroxidase-conjugated secondary antibody. The bands were identified by enhanced chemiluminescence (ECL).
Phosphorylation of AC5/6 and PDE4D5. Phosphorylation of AC5/6 and PDE4D5 was determined from the amount of 32 P incorporated into the enzyme after immunoprecipitation with specific antibody (37) . SMCs (3 ϫ 10 6 cell/ml) prelabeled with 0.5 Ci/ml of [ 32 P]Pi for 3 h were homogenized in medium containing 1% Triton X-100, 0.5% SDS, 10 mM EDTA, 1 mM PMSF, 10 g/ml leupeptin, 100 g/ml aprotinin, 10 mM sodium pyrophosphate, 50 mM NaF, and 0.2 mM sodium azide. The cell lysates were centrifuged at 13,000 g for 15 min at 4°C, precleared with 40 l of protein A/G PLUS agarose beads, and incubated with antibody to AC5/6 or PDE4D5 for 3 h at 4°C followed by another 1 h of incubation with 40 l of protein A/G PLUS agarose beads. The immunoprecipitates were washed with medium containing 10 mM Tris·HCl (pH 7.4), 150 mM NaCl, and 0.5% Triton X-100 and extracted with sample buffer. The samples were resolved by gel electrophoresis, 32 P-labeled AC5/6 and PDE4D5 were visualized by autoradiography, and the amount of radioactivity in the band was counted.
Measurement of ERK1/2 activity. ERK1/2 activity was determined in cell extracts by immunokinase assay as described previously (36) . Cell pellets obtained from dispersed SMCs were solubilized, and equal amounts of protein extracts were incubated with ERK1/2 antibody plus protein A/G agarose overnight at 4°C. The immunoprecipitates were washed and incubated for 5 min on ice with 5 g of myelin basic protein. The assay was initiated by the addition of 10 Ci of [ 32 P]ATP (3,000 Ci/mmol) and 20 M ATP. 32 P-labeled myelin basic protein was absorbed onto phosphocellulose disks, and the amount of radioactivity was measured by liquid scintillation.
Assay for S-nitrosylation. The S-nitrosylated AC5/6 was detected using a detection assay kit (Cayman, Ann Arbor, MI). In brief, AC5/6 was immunoprecipitated with anti-AC5/6 conjugated with protein A/G plus agarose beads. Immunoprecipitated AC5/6 was released by boiling the beads for 5 min, the free thiols were blocked, and then S-NO bonds were cleaved. The proteins were labeled with biotin by biotinylation of the newly formed SH groups. The labeled proteins were then analyzed by SDS-PAGE and transferred to PVDF membranes (Invitrogen) for Western blot.
Radioimmunoassay for cAMP. cAMP production was measured by radioimmunoassay as described previously (34, 35, 36, 38) . Briefly, muscle cells (3 ϫ 10 6 cells) were treated with forskolin for 5 min and the reaction was terminated with 10% trichloroacetic acid. After extraction with water-saturated diethyl ether, the lyophilized aqueous phase was reconstituted in 500 l of 50 mM Na acetate (pH 6.2). The samples were acetylated with triethylamine/acetic anhydride (2:1) for 30 min and cAMP was measured in duplicate using 100 l aliquots. The results were expressed as picomoles per milligrams of protein.
Statistical analysis. All values are expressed as means Ϯ SE; n represents the number of animal studies. Regression analysis was performed using GraphPad Prism 5. Statistical analysis was performed by unpaired t-test, and P Ͻ 0.05 was considered statistically significant.
RESULTS
Expression of AC and PDE isoforms in mouse colonic
longitudinal smooth muscle. Western blot analysis in dispersed SMCs of colonic longitudinal muscle detected the presence of AC5/6 and PDE4D5 but not PDE3A (Fig. 1A) . Earlier studies using gastric circular SMCs detected the presence of AC5/6 but not AC2, AC3, or AC4; the studies detected also the presence of PDE4D5 and PDE3A but not PDE3B (35, 37, 38) .
Feedback regulation of AC5/6 activity by PKA. Treatment of mouse colonic longitudinal SMCs with 10 M forskolin stimulated AC5/6 phosphorylation (measured in immunoprecipitates of 32 P-labeled cells using AC5/6 antibody); phosphorylation was blocked by myristoylated PKI but not by Rp-cGMPS implying that it was mediated by PKA (Fig. 1B) . Treatment of SMCs with 10 M forskolin for 5 min caused a ϳ10-fold increase in AC5/6 activity, which was enhanced in the presence of the PKA inhibitor myristoylated PKI (1 M) but not the PKG inhibitor Rp-cGMPS (1 M), suggesting feedback inhibition of AC5/6 activity by PKA (Fig. 1C) . This is consistent with AC5/6 phosphorylation by PKA. cAMP formation in response to forskolin (measured after pretreatment with 100 M IBMX) increased significantly in the presence of myristoylated PKI but not Rp-cGMPS implying that phosphorylation of AC5/6 by PKA inhibited AC5/6 activity (Fig. 1D) .
Regulation of PDE4D5 activity by PKA. Treatment of mouse colonic longitudinal SMCs with 10 M forskolin for 5 min caused an approximately threefold increase in PDE4D5 phosphorylation accompanied by an approximately six-fold increase in PDE4D5 activity. Both PDE4D5 phosphorylation and activity were blocked in the presence of myristoylated PKI but not Rp-cGMPS (Fig. 2, A and B) , suggesting that feedback phosphorylation of PDE4D5 by PKA enhanced PDE4D5 activity. The effect of PDE4D5 was reflected in measurements of cAMP formation in the absence of IBMX; the increase in cAMP formation induced by 10 M forskolin was significantly increased in the presence of myristoylated PKI but not RpcGMPS (Fig. 2C) .
Inhibition of AC5/6 activity by proinflammatory cytokines and during inflammation in vivo. NOS-III (iNOS) was induced in colonic longitudinal SMCs isolated from the colon of TNBS-treated mice or from control strips treated for 48 h with IL-1␤ or TNF-␣ (Fig. 3A) . NOS-III induction was accompanied by S-nitrosylation of AC5/6, which was blocked in the presence of the iNOS inhibitor 1400W; the latter had no effect on iNOS expression (Fig. 3A) .
S-nitrosylation of AC5/6 was accompanied by a decrease in forskolin-stimulated AC5/6 activity in colonic longitudinal SMCs isolated from the colon of TNBS-treated mice or from control muscle strips treated for 48 h with IL-1␤ or TNF-␣ (Fig. 3A ). AC5/6 activity was restored in the presence of 1400W, suggesting that S-nitrosylation by iNOS inhibited AC5/6 activity (Fig. 3B) .
Forskolin-stimulated cAMP formation, measured in the presence of IBMX so as to eliminate the confounding effect of changes in PDE activity, was also inhibited in colonic longitudinal SMCs isolated from the colon of TNBS-treated mice or from control muscle strips treated for 48 h with IL-1␤ or TNF-␣ (Fig. 4) . The inhibition was reversed in the presence of 1400W, reflecting the inhibition of AC5/6 activity by iNOS (Fig. 4) .
Stimulation of PDE4D5 phosphorylation and activity by proinflammatory cytokines and during inflammation. PDE4D5 activity was increased in colonic longitudinal SMCs isolated from the colon of TNBS-treated mice or from control muscle strips treated for 48 h with IL-1␤ or TNF-␣ (Fig. 5) . PDE4D5 activity was accompanied by increase in PDE4D5 phosphorylation in colonic longitudinal SMCs isolated from control muscle strips treated for 48 h with IL-1␤ or TNF-␣ (Figs. 6 and 7) .
Previous studies have shown that activity of PDE4 long isoforms was increased by PI3-kinase and ERK1/2 under oxidative stress (14) . The involvement of PI3-kinase and ERK1/2 in the activation of PDE4D5 during inflammation was examined with a selective blocker of PI3-kinase (LY294002) and ERK1/2 (PD98059). The increase in PDE4D5 phosphorylation and activity was blocked in the presence of the LY294002 and PD98059 (Figs. 6 and 7) . ERK1/2 activity was also increased in colonic longitudinal SMCs isolated from the colon of TNBS-treated mice or from control muscle strips treated for 48 h with IL-1␤ or TNF-␣ (Fig. 8) . The increase in ERK1/2 activity induced by IL-1␤ or TNF-␣ was blocked in the presence of the PI3-kinase inhibitor LY294002, suggesting activation of ERK1/2 was downstream of PI3-kinase activation (Fig. 8) .
Forskolin-stimulated cAMP formation in longitudinal SMCs isolated from control muscle strips treated for 48 h with IL-1␤ or TNF-␣, measured in the absence of IBMX so as to maintain the effect of changes in PDE activity, was inhibited (Fig. 9) . The inhibition was partly reversed in the presence of 1400W or PD98059 and was completely reversed in the presence of both inhibitors (Fig. 9, A-C) . The inhibition was also partly reversed in the presence of LY294002 (Fig. 10) . The pattern of cAMP inhibition during inflammation in vivo or upon treatment with proinflammatory cytokines in vitro reflected inhibition of AC5/6 upon S-nitrosylation by iNOS and activation of PDE4D5 upon phosphorylation via PI3-kinase/ERK1/2 pathway.
Inhibition of forskolin-stimulated relaxation by proinflammatory cytokines and during inflammation in vivo.
Forskolinstimulated relaxation, measured in the absence of IBMX, was inhibited in longitudinal SMCs isolated from the colon of TNBS-treated mice or from control muscle strips treated for 48 h with IL-1␤ or TNF-␣ (Fig. 11) . Maximal relaxation induced by 10 M forskolin was inhibited by 45-50% (P Ͻ 0.05; n ϭ 6). Inhibition of relaxation induced by treatment with IL-1␤ or TNF-␣ was completely reversed in the presence of both 1400W and PD98059 (Fig. 11, B and C) . Inhibition of relaxation was also partly reversed in the presence of LY294002 (Fig.  11D) . The inhibition of relaxation and partial reversal by LY294002 or complete reversal by combination of both 1400W and PD98059 paralleled the changes in cAMP formation.
DISCUSSION
Recent studies have shown that critical components of the signaling cascades mediating contraction of intestinal circular and longitudinal smooth muscle are different (1, 10, 24, 25, 31-33, 36, 39) . Contraction in longitudinal smooth muscle is initiated by Ca 2ϩ influx and Ca 2ϩ -and cyclic ADP riboseinduced Ca 2ϩ release via RYR-2/Ca 2ϩ channels and terminated predominantly by inactivation of myosin light chain kinase (MLCK) via sequential activation of calmodulin kinase kinase ␤ (CaMKK␤) and AMP kinase, whereas contraction in circular smooth muscle is initiated by IP 3 -dependent Ca 2ϩ release via IP 3 R-I/Ca 2ϩ channels and terminated predominantly by inactivation of G␣ q via RGS4. Contraction is also sustained differently in the two muscle layers. In longitudinal smooth muscle, contraction is sustained via sequential activation of G 12 , RhoGEF (LARG)/RhoA and Rho kinase-dependent phosphorylation of MYPT1 and inhibition of MLC phosphatase (MLCP), whereas in circular smooth muscle contraction is sustained via sequential activation of G q/13 and p115 RhoGEF/RhoA. Activation of RhoA leads to inhibition of MLCP activity via Rho kinase-dependent phosphorylation of MYPT1, the regulatory subunit of MLCP, and PKC-dependent phosphorylation of CPI-17, an endogenous inhibitor of MLCP (1, 7, 31, 36) . The signaling components in both types of smooth muscle are targets of inflammatory cytokines acting via transcription factors (e.g., NF-B and AP-1), inducible enzymes (e.g., iNOS), and various regulatory kinases (ERK1/2, p38 MAP kinase, and Jun kinase) (4, 19 -21, 23, 41, 43-45, 50) . Distinctive changes in expression and/or activity of specific signaling components (i.e., RGS4 and CPI-17 in circular smooth muscle, and AMP kinase and LARG in longitudinal smooth muscle) underlie the hypocontractility of circular and hypercontractility of longitudinal smooth muscle (19 -21, 39 -41) .
This study identified a distinctive pattern of expression and activity of AC and PDE isoforms in intestinal longitudinal smooth muscle and determined the changes in their expression and/or activity in response to inflammatory cytokines (IL-1␤ and TNF-␣) in vitro and TNBS-induced colonic inflammation in vivo. AC5/6 and PDE4D5 were expressed in both circular and longitudinal smooth muscle, whereas PDE3A, which plays a major role in circular smooth muscle, was absent in longitudinal smooth muscle (35, 37, 38) . cAMP formation in longitudinal smooth muscle was shown to be tightly regulated via feedback phosphorylation of AC5/6 and PDE4D5 by PKA (Fig. 12) . Inhibition of PKA activity by myristoylated PKI blocked AC5/6 phosphorylation and significantly enhanced AC5/6 activity and cAMP formation. In the absence of the PDE inhibitor IBMX, inhibition of PKA activity by myristoylated PKI blocked PDE4D5 phosphorylation and activity and significantly enhanced cAMP formation.
Exposure of longitudinal smooth muscle to inflammation in vivo or proinflammatory cytokines (IL-1␤ and TNF-␣) in vitro induced expression of iNOS and caused S-nitrosylation of AC5/6 and stimulated phosphorylation of PDE4D5. The resultant increase in PDE4D5 activity and decrease in AC5/6 activity caused a decrease in cAMP formation and smooth muscle relaxation (Fig. 12) . The effects of TNBS-induced inflammation in vivo on AC5/6 and PDE4D5 closely mimicked those elicited by exposure to either cytokine in vitro.
The S-nitrosylation of AC5/6 and inhibition of AC5/6 activity elicited by exposure of longitudinal smooth muscle to IL-1␤ and TNF-␣ were fully reversed by the iNOS inhibitor 1400W, whereas the increases in PDE4D5 phosphorylation and activity were reversed by the PI3-kinase inhibitor LY294002 and the ERK1/2 inhibitor PD98059. The effects of IL-1␤ or TNF-␣ on forskolin-stimulated cAMP levels (measured in the absence of IBMX) reflected the inhibition of AC5/6 activity and stimulation of PDE4D5 activity and were partly reversed by 1400W or PD98059 and completely reversed by a combination of the two inhibitors.
Inhibition of forskolin-stimulated relaxation in longitudinal SMCs isolated from TNBS-treated mice was similar to that of SMCs isolated from muscle strips treated for 48 h with IL-1␤ or TNF-␣. Inhibition of relaxation in cells treated with either cytokine paralleled the changes in cAMP and was reversed by a combination of 1400W and PD98059.
A notable aspect of this study is the apparent stimulatory phosphorylation and activation of the long isoform of PDE4, PDE4D5 by ERK1/2. Hoffmann et al. (15) have shown that phosphorylation of Ser579, a residue located in an ERK consensus site in the COOH-terminal end of the catalytic domain of PDE4D3, leads to profound inhibition of PDE4D3 activity and elevation of cAMP levels. All long isoforms PDE4B, PDE4C, and PDE4D (but not PDE4A) are phosphorylated by ERK1/2 at a single Ser residue that is cognate to Ser579 site in PDE4D3, leading to inhibition of PDE4 activity (2, 3, 13, 14, 17, 29, 30) . In contrast, phosphorylation within the UCR1 region by PKA leads to activation of PDE4D5 and inhibition of cAMP (8, 16, 18, 42) . This raises the possibility that an initial increase in cAMP resulting from inhibition of PDE4D5 activity by ERK1/2 could lead to PKA-mediated phosphorylation and activation of PDE4D5, an effect that is susceptible to blockade by PD98059. A variant of this notion has been reported for ERK-mediated stimulatory phosphorylation of PDE4D5, the sole long PDE4 isoform expressed in human aortic smooth muscle, where activation of ERK by phorbol 12-myristate 13-acetate initiated a cascade that led to generation of prostaglandin E 2 and stimulation of cAMP; this, in turn, led to phosphorylation of PDE4D5 by PKA at Ser126 and abrogated the effect of inhibitory phosphorylation of PDE4D5 by ERK at Ser651 (2) . The cascade that resulted in stimulatory phosphorylation and activation of PDE4D5 was susceptible to blockade by PD98059.
Finally, consideration should be given to the possibility that activation of PDE4D5 could result from dual phosphorylation by ERK and a protein kinase downstream of PI3-kinase. Hill et al. (14) have shown that dual phosphorylation of PDE4D3 (or PDE4D5) upon challenge by H 2 O 2 increased the activity of both isoforms; the effect of H 2 O 2 was blocked by N-acetyl cysteine and NADPH oxidase inhibitors. For PDE4D3, phosphorylation occurred at the established ERK site (Ser579) as well as a distinct site (Ser239) located at the NH 2 terminus of the catalytic domain (13) . Phosphorylation at Ser239 switched the functional outcome of ERK1/2 phosphorylation from inhibition to activation. Phosphorylation at Ser239 reflected the action of an unknown protein kinase downstream of PI3-kinase and could be blocked by wortmannin. PDE4D3 activity required dual phosphorylation and was blocked by PD98059 or wortmannin (13) . In the context of inflammation where an increase in the levels of reactive oxygen species is the norm, dual phosphorylation would lead to activation of PDE4D5 that is susceptible to blockade by PD98059.
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